The steady-state concentration of cell wall turnover products in the medium of Bacillus subtilis 168 growing exponentially on a casein hydrolysate-supplemented medium is equivalent to an overall rate of turnover of less than 10% per generation. After transfer of a steady-state-labeled culture to nonradioactive medium, the rate of release of labeled turnover products increased exponentially for up to two generations. The rate of turnover finally attained by this culture reached an apparently first-order rate of about 50% per generation. The addition of soluble autolytic activity to growing cultures of a mutant possessing a reduced rate of wall turnover resulted in a marked stimulation in the rate of solubilization of the cell wall fraction. The increased rate of solubilization produced was proportional to the concentration of added enzyme and remained constant until less than 20% of the wall originally present was left. Autolytic activity added under these conditions was bound entirely to wall at least one generation old. The results are interpreted in terms of a model for cell wall growth in which wall two or more generations old covers a total surface area at least four times larger than that occupied at the time of synthesis, forming a shallow outer layer (overlying newer wall) from which all turnover takes place. The model is discussed in relation to previous attempts to determine the pattern of surface expansion in bacilli.
The steady-state concentration of cell wall turnover products in the medium of Bacillus subtilis 168 growing exponentially on a casein hydrolysate-supplemented medium is equivalent to an overall rate of turnover of less than 10% per generation. After transfer of a steady-state-labeled culture to nonradioactive medium, the rate of release of labeled turnover products increased exponentially for up to two generations. The rate of turnover finally attained by this culture reached an apparently first-order rate of about 50% per generation. The addition of soluble autolytic activity to growing cultures of a mutant possessing a reduced rate of wall turnover resulted in a marked stimulation in the rate of solubilization of the cell wall fraction. The increased rate of solubilization produced was proportional to the concentration of added enzyme and remained constant until less than 20% of the wall originally present was left. Autolytic activity added under these conditions was bound entirely to wall at least one generation old. The results are interpreted in terms of a model for cell wall growth in which wall two or more generations old covers a total surface area at least four times larger than that occupied at the time of synthesis, forming a shallow outer layer (overlying newer wall) from which all turnover takes place. The model is discussed in relation to previous attempts to determine the pattern of surface expansion in bacilli.
Chaloupka et al. (5, 6) first showed that the cell wall forms a metabolically active part of the cell by demonstrating that cell wall turnover was associated with actively growing cultures of several bacilli. Since then it has been reported (17) that turnover of both mucopeptide and teichoic acid in Bacillus subtilis follows identical first-order kinetics, irrespective of growth rate. Similar results have been reported for mucopeptide turnover in several other gram-positive rods (2, 17) . Studies employing pulse-labeled cultures have shown that there is a delay of up to one and one-half generations (2, 17) before the onset of turnover of new cell wall components. Mauck et al. (17) have drawn attention to the way that the kinetics of cell wall turnover in the bacilli can be interpreted in terms of a random mode of insertion of new mucopeptide chains over the entire surface. The manner in which this occurs is the subject of considerable disagreement in the literature (7, 8, 11, 13, 15, 18, 20) .
I believe that published work showing cell wall turnover of extensively labeled cultures of various bacilli indicates the existence of an initial phase with an accelerating rate of turnover before the final apparently first-order rate is I Present address: Institut de Microbiologie, Universite de Lausanne, 1005 Lausanne, Switzerland.
attained. We have sought to identify and explore this initial phase by taking a large number of samples after transfer to an unlabeled medium of a culture labeled under steady-state conditions. The release of radioactive turnover products to the medium has also been followed. This has led to a new way of confirming the finding that turnover is confined to old wall (17) and to an explanation for this phenomenon in terms of the surface geometry of the cell wall layer.
The results described in the present study are not compatible with a random distribution of new and old mucopeptide throughout the cell wall such as has been proposed elsewhere (19) . In addition, a reevaluation of the way in which surface expansion occurs in this Bacillus has been made on the basis of these results. The implications of the present study are also discussed in relation to an attempt using autoradiography (18) to establish the localization of new wall by looking for segregation of old wall during bacterial surface expansion.
MATERIALS AND METHODS Microorganisms. The following strains of B. subtilis were used: B. subtilis 168 trp-(4), B. subtilis 168 trp-thy- (10) , and B. subtilis Nil5. This last strain was obtained fromn D. Karamata, who isolated it by mutagenizing, withN-methyl-N-nitro-N-nitrosoguanidine, an exponential-phase culture of B. subtilis 168 trp-thy-and subjecting the mutagenized culture to several cycles of treatment with inducing agents (mitomycin C and ultraviolet irradiation). The surviving cells were screened by thymine starvation. One of the colonies examined, designated Nil5, did not undergo lysis upon thymine starvation.
Media. Organisms were grown on a casein hydrolysate medium (16) supplemented with inorganic salts used at full strength or at one-half strength. It was found that the level of cell wall turnover of Nil5 is preferentially reduced in comparison to that of the parent strain when grown on the latter medium. In one case, Spizizen minimal salts medium (23) (9) .
To determine the radioactivity incorporated into the cell wall fraction a modification of the method for estimation of the radioactivity incorporated into mucopeptide, described by Rogers and Forsberg (22) , was employed. Samples ( acid-precipitated cells were placed in a vial and incubated overnight with gentle shaking at 35 C with 1 ml of a solution of trypsin (1 mg/ml) in 0.05 M potassium phosphate buffer, pH 8.0. The filter was then placed on top of a second glass-fiber filter, and the trypsin-soluble filtrate was collected. The trypsin-insoluble fraction was washed three times with 1-ml volumes of water. All filters containing cells of trichloroacetic acid precipitates were dried at 100 C in vials, and 2 ml of a toluene-based scintillation solution [4 g of 2,5-diphenyloxazole and 0.1 g of 1,4-di-2-(5-phenyloxazolyl) benzene per liter of toluene] was added. The counting efficiency for 14C was 90%. A glass-fiber filter was added to each filtrate contained in a vial, which was then dried (at 60 C, to prevent charring) to count the filter and filtrate under similar conditions. A 5-ml portion of toluenebased scintillation liquid containing 20% (vol/vol) Biosolve solubilizer (BBS3, Beckman Corp.) was added to each vial. For these samples, the counting efficiency was 80%. When cells labeled with DL-['4C]tryptophan (['4C]methylene) were subjected to the procedure described above, 80% of the radioactivity precipitable by trichloroacetic acid was solubilized by this procedure. The radioactivity in the trypsin-insoluble trichloroacetic acid-precipitated fraction, after correction for incomplete solubilization of protein, was considered as the total radioactivity incorporated into the cell wall fraction.
Lysozyme digestion. Two procedures for lysozyme digestion were followed. In the first, glassfiber filters containing the trichloroacetic acid-precipitated samples of labeled cells (prepared as above) were placed in scintillation vials with a drop of 0.1 M sodium azide. A solution (1 ml) of lysozyme (100 yig/ ml) in 0.05 M potassium phosphate buffer (pH 7.3) containing 0.005 M sodium citrate was added, and the samples were incubated at 35 C for 36 h. The filter was placed on top of a second glass-fiber filter, and the lysozyme-soluble filtrate was collected.
In the second method a concentrated lysozyme solution was added to 1 ml of labeled culture to give the same concentration as in the first method. Digestion was performed under identical conditions. A 0.05-ml portion of bovine serum albumin (10 mg/ ml) was then added, followed by trichloroacetic acid to give a final concentration of 5%. The insoluble fraction was collected on a glass-fiber filter, and the soluble filtrate was also collected.
In some cases the final lysozyme-insoluble fraction from the first method was subjected to the trypsin digestion procedure described above.
All fractions were prepared for counting as described above.
Measurement of cell wall turnover. Cell wall turnover was followed in two ways: (i) measurement of the concentration of cell wall turnover products in the medium under conditions of continuous uptake ]GlnAc before sampling. Samples (1 ml) were taken at intervals onto a membrane filter or into 5% trichloroacetic acid for 1 min and treated as previously described. The filtrates from all samples were collected directly into scintillation vials containing 1 drop of 0.1 M sodium azide. The filtrates of samples not treated with trichloroacetic acid were transferred to boiled dialysis tubing and dialyzed at 4 C against three 5-liter volumes of distilled water containing 0.001 M sodium azide, until 5 ml of the final diffusable fraction contained less than 50 counts/ min above background. The proportion of radioactivity in the final fraction in high-molecular-weight material, including protein, was negligible, as about 2% was precipitable by 10% trichloroacetic acid. The dialyzed filtrates were dried down. A 5-ml portion of a toluene-Biosolve scintillation mixture was added, and the samples were counted. The nondialyzable radioactivity in the filtrate was considered as the total labeled turnover products released to the medium, after correction for a small loss during dialysis, and will be referred to as turnover products. The loss of turnover products due to dialysis was measured by dialyzing the filtrate of a continuously labeled culture which had been filtered and allowed to undergo turnover for several generations in unlabeled medium. The nondialyzable counts were found to represent between 83 and 95% of the total radioactivity released from the cells. The steady-state rate of cell wall turnover was calculated from the ratio of radioactivity in the turnover products to the radioactivity in the cell wall fraction (see below).
(ii) Measurement of cell wall turnover after a chase with unlabeled GlnAc. Cultures Whether cells were suspended in fresh medium or in partially spent medium, we did not find a significant lag in growth or any difference in the pattern of turnover, in contrast to that found by Mauck et al. (17) for B. subtilis W23 and B. megaterium grown on minimal media.
Samples (1 ml) of culture were filtered onto membrane filters or taken into 1 ml of 10% trichloroacetic acid. The filters were treated as previously described. The filtrates from cultures treated by method (b) were collected in a scintillation vial and dried down onto a glass-fiber filter at 60 C (to prevent charring). Filtrates of cultures treated according to method (a) were dialyzed and treated as described above.
A small amount of soluble radioactivity was found to be present at zero time, immediately after suspending the cells in unlabeled medium (method [a]), equivalent to 2 to 4% of the total radioactivity incorporated into the cell wall fraction. This figure, which probably represented carry-over of soluble [14C] GlnAc from the labeling medium, was subtracted from the soluble radioactivity in all samples.
Preparation of cell wall autolysate. Cultures in the exponential phase of growth were harvested at an OD675 of 0.6 to 0.8 by centrifugation at room temperature, followed by a cold (4 C) water wash. The cell pellet was transferred to a scintillation vial with approximately 2 volumes of water, surrounded by an ice-water bath, and sonically treated (Soniprobe 1130A, Dawe Instruments Ltd.) for 5-s bursts, separated by 15-s periods of cooling, until breakage appeared to be greater than 80% when examined with a phase-contrast microscope. All subsequent operations were performed at 4 C. The walls were separated from the soluble fraction by centrifugation at 30,000 x g for 20 min and washed twice with 0.85% saline, followed by four water washes, before being freeze dried.
Routinely, 2.5 ml of a 0.05 M potassium phosphate buffer (pH 7.3) was added to 50 mg of freeze-dried walls prepared from B. subtilis 168 trp-thy-. The suspension was mixed and incubated at 30 C until the OD450, read on a Unicam SP-600 spectrophotometer, remained constant for two successive readings, normally in less than 3 h. The autolysate was stored at -20 C. There was a slow loss of activity of frozen preparations over a period of months.
Two activities have been shown to be present in such lysates (3) , an N-acylmuramyl-L-alanine amidase, the major activity, and an N-acetylglucosaminidase.
Radioactive isotopes were purchased from the Radiochemical Centre, Amersham, Bucks, England.
Theoretical considerations. Under steady-state conditions the rate of release of turnover products to the medium in an exponentially growing culture is proportional to the concentration of turnover products already present, x, as expressed in the relationship: dxldt = Kx (i). Integrating, we get loge (xlxo) = Kt, where xo is the concentration of turnover products in the medium at time t = 0. Since the concentration of turnover products doubles every mass doubling time, g, for the culture, loge2 = K-g, or K = loge2/g. Equation (i) now becomes dxldt = (loge2-x)/g. So the rate of turnover per generation is equal to the product of loge2 and x, the steady-state concentration of turnover products in the medium relative to the cell wall content.
RESULTS
Incorporation of [14CIGlnAc into the cell wall fraction. When cultures of B. subtilis 168 trp-thy-and Nil5, labeled under steady-state conditions with [14CIG1nAc, were filtered and the cells were suspended in fresh medium, over 96% of the radioactivity in whole cells was precipitated by 5% trichloroacetic acid (Table 1) , indicating its incorporation into high-molecular-weight fractions. The small trichloroacetic acid-soluble fraction, about 3% of the precipitable radioactivity, includes the pool of soluble nucleotide-linked hexosamine-containing cell wall precursors (12) . The acid-precipitable fraction was collected and washed 1 min after tri-VOL. 125, 1976 on July 6, 2017 by guest http://jb.asm.org/ [14C]GlnAc (specific activity, 42 MCi/umol) for five generations. A portion (3 ml) of each culture was filtered at an OD of 0.10 (B. subtilis 168) or 0.12 (Nil5), and the cells were resuspended in 15.5 ml of unlabeled medium. Samples (1 ml) were taken immediately into membrane filters (Millipore Corp.), to 1 ml of 10% trichloroacetic acid and to lysozyme and treated as described in Materials and Methods.
b One 100% represents the total radioactivity in the whole cell fraction. chloroacetic acid addition to avoid significant extraction of the nonmucopeptide polymers, which are slowly solubilized under these conditions (14) .
Lysozyme-treatment results in the solubilization of 85 to 90% of the radioactivity in the whole cells of both organisms. The solubilized radioactivity consists of products of mucopeptide hydrolysis and the associated hexosaminecontaining polymers released at the same time. This result clearly indicates the specificity with which [14CIGlnAc is incorporated into the cell wall fraction under these growth conditions. It is expected (9, 27 ) that 70 to 75% of the label in the cell wall fraction is incorporated into the glycan strands of the mucopeptide, with the remainder in the galactosamine-containing teichoic acid. The fraction remaining after lysozyme digestion represents less than 10% of the total radioactivity in the whole cells. Of this remaining fraction, the bulk, between 5 and 7%, was solubilized by trypsin. After were taken at regular intervals of time onto membrane filters for estimation of radioactivity incorporated into the cell wall (0). The filtrate was dialyzed, and the nondialyzable radioactivity was counted to obtain the concentration of cell wall turnover products (0) released into the medium. The OD675 (O) is also shown. steady-state labeling. After B. subtilis 168 trp had been grown in exponential phase for five generations in the continuous presence of [14C]GlnAc, the rate of incorporation of radioactivity into the cell wall, and into the nondialyzable turnover products released to the medium, was identical to the rate of increase of cell mass (Fig. 1) . The radioactivity in the turnover products represented a constant 11 to 12% of the radioactivity in the cell wall fraction. The rate of cell wall turnover necessary to maintain this concentration of turnover products is 8% of the total cell wall per generation (see above).
Radioactivity in the cell wall fraction and in cell wall turnover products after a chase applied to a continuously labeled culture of B.
subtilis 168 trp-. A culture of B. subtilis 168 trp-, grown and labeled under the same steadystate conditions as those used in the experiment shown in Fig. 1 , was chased in two ways. To one part, a large excess of carrier GInAc was added (method [a] ). A second part was filtered and suspended in fresh unlabeled medium (method [b] ). The radioactivity remaining in the cell wall fraction and that appearing in the medium as turnover products are shown in Fig. 2a and b, respectively. The results obtained with both chasing procedures were identical.
After the addition of unlabeled GlnAc there was an immediate cessation of incorporation of [14C]GlnAc into the cell wall fraction (Fig. 2b) . As expected, the total cell wall radioactivity, which is the sum of radioactivity in turnover products and in the insoluble cell wall fraction, remained constant thereafter. The release of radioactivity from the cell wall (Fig. 2b) showed a biphasic pattern; an initial 40-min period with an accelerating rate of turnover was followed by an apparently first-order rate of turnover of approximately 50% per generation. For about 35 min (approximately two generations) after the chase, the amount of radioactive turnover products in the medium (Fig. 2a) increased at the same rate as in the untreated control culture and at the same exponential rate as that of bacterial mass increase, thus explaining the initial phase of accelerating turnover shown (Fig. 2b) by the radioactivity remaining in the wall. All cell parameters increased fourfold during this two-generation period. Thus the rate of release of radioactive turnover products increased fourfold, to about 30% per generation (cf. 8% per generation), relative to the radioactivity present in the cell wall at the beginning of the chase period. However, relative to the insoluble radioactivity remaining in the cell wall fraction after two generations of turnover (about 65% of the original value [ Fig. 2b]) , a loss of 30% during the following generation represents a rate of turnover of approximately 50% per generation. Thus there was good agreement for the final rate of turnover obtained from the rate of release of turnover products to the medium and from the rate of disappearance of radioactivity from the cell wall (Fig. 2b) .
Throughout the period during which the rate of liberation of radioactive turnover products was totally unaffected by the cessation of
[14C]GlnAc entry into the cell wall, the concentration of radioactive turnover products relative to mass remained constant. (It was identical to the steady-state level.) Thus, labeled turnover products were not being diluted by any turnover products from unlabeled wall synthesized throughout this period. As the final rate of turnover of labeled wall of 50% per generation represented about a sixfold increase in two generations, the entire steady-state con- (0) . GlnAc (100 mM) was added to a second part (b) to give a final concentration of1.5 mM (0). The third part (c) was filtered, washed with prewarmed medium, and suspended at the same cell density in fresh medium containing 1 mM GlnAc (A). Samples (1 ml) were taken onto membrane filters for estimation of the radioactivity incorporated into the cell wall fraction (b) and into the turnover products appearing in the culture filtrate (a). At the time offiltration ofpart c, the radioactivity already in the filtrate in turnover products was discarded. This value was added to the radioactivity subsequently released from the cells in part c to obtain the cumulative total for radioactivity released for each sample. The total radioactivity shown for parts b (U) and c (v) is the sum of the radioactivity released to the medium after addition of unlabeled GlnAc and that remaining in the cell wall fraction. One hundred percent radioactivity was 1.1 x 105 dpmlml for both b and c. centration of turnover products throughout this period was being maintained solely by turnover of labeled wall two or more generations old. Thus the overall rate of turnover of the whole cell wall of 8% per generation is maintained by an approximately sixfold higher rate of turnover of a small, old fraction of the cell wall, whereas the bulk is undergoing no turnover at all. I believe that this result can be explained in terms of the geometry of the cell wall layer, in which old wall is largely located on the outer surface, with newer wall lying underneath. If release of cell wall material during turnover is confined to the outer surface of the cell wall layer, the above results are readily explained.
To subject this possibility to further testing, we examined the surface accessibility of the old wall by exploiting the following system. Using a mutant with a strongly reduced rate of cell wall turnover, the rate of release of material from the cell wall layer can be markedly stimulated in growing cultures by the addition, externally, of autolytic enzyme, which is most probably bound in a random fashion to the exposed surface of the cell wall. I have investigated the relative accessibility of old, labeled wall during a subsequent period of dilution by new and unlabeled wall by following the kinetics of this stimulated release ofradioactivity.
Cell wall turnover in B. subtilis 168 trp-thy-and a mutant, Nil5. Nil5 grows in long chains of 16 or more nonmotile cells at a growth rate very similar to that of the parent. When an experiment similar to that shown in Fig. 2b was performed using Nil5 and the parent, it was found that four generations after stopping incorporation, barely 15% of the radioactivity from the cell wall fraction of Nil5 had been released to the medium; during the same period of time over 70% of the radioactivity had been released from the parent (Fig. 3) 14 LCilpmol). At an OD of 0.2 the cultures were filtered, suspended in fresh unlabeled medium to an OD of 0.01, and further incubated. Samples (1 ml) were taken at regular intervals oftime to measure the radioactivity remaining in the cell wall fraction (see Materials and Methods), which is shown for 168 trp-thy-(S) and for Ni15 (0) as a percentage of zero time value. One hundred percent radioactivity was 1.4 x 104 and 1.8 X 104 dpm/ml, respectively. Fig. 4 . One and one-half generations after autolysate addition, the OD was greater than 90% of that of the untreated culture. If lysis were responsible for the marginally lower OD, it could have accounted, at the most, for 5% of the increase in soluble radioactivity over that of the control culture, whereas a difference of 60% was found between treated and untreated cultures in this period. Thus, the greater part of this release of soluble radioactive material resulted from solubilization of the exposed surface of the growing bacteria. When the cultures were examined under phase-contrast microscopy at this time, the proportion of apparently lysed organisms was much less than 5%.
When autolysate concentrations of greater than 2.5 mg of autolyzed wall/OD per ml of Nil5 were added, growth, as indicated by the turbidity of the cultures, showed a marked lag, and lysed cells were seen under phase-contrast microscopy.
An exploration of the dependence of the rate of release of cell wall material upon the concentration of added enzyme revealed that the increase in the rate was strictly proportional to the concentration of the enzyme used (Fig. 5) . The positive value of the intercept was due to the basal rate of release due to turnover alone. Thus the enzyme concentration was always (Fig. 4) the rate of release corresponded to a rate of cell wall turnover of 40% during the generation after enzyme addition. After two generations of release of soluble material, induced by the highest concentration of added enzyme employed (Fig. 4) , only 20% of the original radioactivity remained in the cell wall layer, representing about 5% of all the wall present in the culture, in view of the fourfold increase in total wall which occurred in this period. The absence of any decrease in the rate of release of radioactivity strongly suggests that there was no movement of added autolytic activity onto newly synthesized wall, even when it represented 95% of the total. Such a result is clearly consistent with the arrangement, proposed above, of labeled (old) wall on the outer surface of the cell wall layer. In addition it indicates that there is no change in the susceptibility of the cell wall to the added autolytic activity as it ages.
The zero-order kinetics shown by the mutant over a two-generation period (Fig. 4) are consistent with the action of the constant amount of added enzyme activity hydrolyzing an excess of labeled wall. During a similar phase (Fig.  2a) , in apparent contrast, the parent shows an exponentially increasing rate of release of label. But, in an exponentially growing culture, the total amount of autolytic activity must be increasing exponentially as well. If all the additional autolytic activity that becomes involved in turnover acts on the old radioactive wall, the rate of release of label will increase exponentially in a way that is quite consistent with zero-order kinetics for a constant amount of enzyme. Thus, the kinetics of solubilization of labeled wall for parent and mutant systems are perfectly congruent with zero-order kinetics.
There is an additional conclusion to be drawn from the results. If the proposed arrangement is consistent with the finding that only old wall undergoes turnover (Fig. 2) in the parent and is accessible to externally added enzyme (Fig. 4) in the mutant, then the external surface area covered by cell wall two or more generations old is at least four times greater than that which it had occupied two generations previously. Likewise, the conclusion from the experiment shown in Fig. 2 , that turnover was still confined to old (labeled) wall two generations after chasing, is consistent with the view that the entire surface area, fourfold increased over that present at the time of chasing, was occupied by the remaining labeled wall. This amounts to a process of spreading of preexisting wall during subsequent bacterial surface expansion. Such a process provides a precise explanation for the kinetics of labeled turnover products (Fig. 2a) .
TURNOVER AND SPREADING WITHIN CELL WALLS
Under steady-state conditions the rate of turnover per unit area of surface must be constant; thus, the total rate of turnover of labeled wall after a fourfold increase in surface area occupied by labeled wall is the fourfold higher rate that was found.
This proposal of spreading of the area occupied by wall as it ages has been further tested by investigating the rate of release of radioactive wall from Nil5 by autolysate added at different times after the chase of a fully labeled culture. For a constant enzyme concentration relative to bacterial mass, one would expect that the greater the surface area occupied by the labeled wall, the greater the rate of solubilization of labeled wall.
Rate of solubilization of old radioactively labeled wall achieved by addition of autolysate at different times during the chase period. A culture of Nil5 labeled under steadystate conditions was divided into three parts immediately after the cells had been placed in unlabeled medium. Autolysate at the same concentration relative to bacterial mass was added to one part at the time of chasing and to a second part approximately one generation later. The third part served as an untreated control. It can be seen (Fig. 6 ) that the rate of release of labeled wall (after subtraction of the release due to turnover alone [see Fig. 31 ) was almost twice as great when autolysate addition was delayed. It is clear that the rate of solubilization did not alter subsequent to addition, although the labeled wall continued to age, which is in agreement with the results of the experiment shown in Fig. 4 . This result shows that after nearly one generation of growth in unlabeled medium, when about one-half of the total wall was new and unlabeled, all the added enzyme was bound to old, labeled wall. In view of the probability of random binding all over the surface, this result argues strongly that one generation after the chase most, if not all, of the exposed cell wall consisted of old, labeled wall. Since the total bacterial surface doubled in the generation after the chase, this result also suggests that old wall was occupying twice its original area. This conclusion is clearly in agreement with the conclusion made above from the kinetics of release of labeled turnover products (Fig. 2a) : spreading of old wall is occurring at the same rate as that of overall surface growth. DISCUSSION This study reveals that when B. subtilis, labeled in the cell wall under steady-state conditions, is grown in nonradioactive medium the decay of radioactivity due to cell wall turnover FIG. 6 . Solubilization of radioactive cell wall in Nil5 as a function oftime ofautolysate addition after transfer ofcells to nonradioactive medium. Nil5 was grown on the same medium as that described in the legend to Fig. 4 and which contained 55 uM ['4ClGlnAc (specific activity, 6 pCil.tmol). After six generations ofgrowth in labeled medium the culture was filtered at an OD of 0.28 and suspended at an OD of 0.03 in unlabeled medium. The culture was separated into three parts. To one part, cell wall autolysate was added immediately (final concentration, 0.6 mg of wall/OD per ml, A); 0.83 generations later, cell wall autolysate was added to a second part (final concentration, 0.55 mg of wall/OD per ml, 0). The third part served as an untreated control (@*).
The time of autolysate addition is indicated by an arrow. Samples (I ml) were taken, and the radioactivity released to the medium and that remaining in the cell wall were measured. The remaining radioactivity, as a percentage of that present at the time of chasing, was plotted against time. One hundred percent radioactivity was 1.3 x 105 (0), 1.4 x 105 (A), and 1.4 x 105 (0) dpm/ml, respectively. has two phases. The final phase obtained here, apparently showing first-order kinetics, has been widely observed in the literature (2, 5, 17) for several gram-positive, rod-shaped organisms. These kinetics are consistent with turnover occurring randomly over the bacterial surface, in which the rate of release of labeled wall is proportional to the concentration of remaining labeled wall on the surface. However, it has been shown here that there is an initial period of accelerating turnover before the maximum first-order rate is obtained. This initial phase can be as long as 35 min (nearly two generations) under the conditions employed here. The increasing rate of turnover of labeled cell wall material during this phase forms a marked contrast to that of the final phase, when the rate of loss of radioactivity was decreasing in proportion to the amount ofradioactive wall remaining. I believe that this initial phase suggests some important features of the spatial organization of the surface layer and of its mode of growth that have not been previously reported.
Where pulse-labeled cultures have been used, a lag phase before the onset of turnover of the pulse has been noted (2, 17) . A distinction must be made between this lag and the initial phase of accelerating turnover described here for steady-state-labeled cultures, although I believe that there is a connection between these phases, which will be discussed below. The initial phase has not always been observed partly, I believe, because steady-state labeled cultures have not usually been employed and, partly, because much previous work has utilized cultures grown on minimal media, whereas the lag phase appears to be most evident on rich media. However, although there has been little comment in the literature, I believe that there is published evidence supporting the results obtained in the present study. A phase of accelerating turnover can be clearly detected in a study of turnover in B. megaterium grown on rich medium, although the authors have made no reference to it (Fig. 6 in reference 17) . A similar phase has also been observed by other workers employing B. megaterium grown on minimal medium (5) .
In this study I have been able to define more fully this initial phase of turnover by taking a large number of samples immediately after transfer of labeled cells to unlabeled medium. In addition, most revealing results have come from the frequent measurement of the radioactivity in turnover products released into the medium and relating this to the growth rate of the culture and to the steady-state concentration of turnover products in the medium. A surprising result that was found is that the steady-state concentration of turnover products was equivalent to a constant rate of turnover of 8% of the total cell wall per generation, or onesixth of the first-order rate of turnover of labeled wall finally obtained when all the labeled wall was two or more generations old. From this result and from the finding that the steady-state concentration was maintained entirely by radioactive turnover products for nearly two generations after chasing, I have concluded that turnover is entirely confined to a small fraction of older wall. This provides additional confirmation for the previous finding (17) that new wall is not subject to turnover. Thus, in the present study it has been possible to define the extent to which turnover is restricted to old wall. This conclusion leads, I believe, to a relatively simple way of relating the widely noted lag before turnover of pulse-labeled cultures to the phase of accelerating turnover shown by steady-state-labeled cultures. In the former case all labeled wall is new at the time of the chase, and it is only when this wall has attained a certain age, which it all does at approximately the same time, that turnover begins. In the latter case all wall, both old and new, is labeled at first, and the gradually accelerating rate of turnover represents the accumulation of an increasing proportion of labeled wall that is old. It is only when all the remaining labeled wall is about two generations old that the maximum rate of turnover is attained.
It is the contention of the present study that the explanation for the restriction of turnover to old wall lies in the surface geometry of the cell wall layer, i.e., that the overall rate of turnover of 8% per generation is achieved by a sixfold higher turnover of a thin outer surface layer of old wall that overlies the great bulk of newer wall. This argument in turn implies a nonrandom distribution of new and old wall, in contradiction to the conclusion made elsewhere (17) on the basis of the apparently first-order kinetics finally established. A further study by the same workers (18) led to the conclusion that newly synthesized glycan chains are intercalated between, and cross-linked to, old chains in a completely random fashion during cell wall growth. By switches in the growth medium, these workers were able to prepare wall in which old glycan chains (3H-labeled in the hexosamines) were linked only to teichuronic acid, and new chains (14C labeled) and representing approximately 40% of the total) were linked to glucosylated glycerol phosphate teichoic acid. The latter were selectively precipitated with concanavalin A from lysozyme digests of isolated cell walls. After purification, a fraction apparently containing a short-chain-length glycopeptide linked to teichoic acid was analyzed for the ratio of old and new chains of glycan which were cross-linked to the "4C-labeled glycopeptide. The ratio of 3H to 14C in such chains (side chains) was nearly equal to that for the whole walls. We think that the conclusion on July 6, 2017 by guest http://jb.asm.org/ Downloaded from drawn by these workers, of random cross-linking of new and old chains throughout the cell wall, should be treated with some caution. First, it is far from certain that a pattern of distribution of new and old chains apparently occurring in cells recovering from a period of phosphate starvation can be automatically assumed to be occurring during bacterial cell wall growth under steady-state conditions. Second, and more importantly, the conclusions drawn are questionable because, although one experiment showed a 3H/14C ratio (old/new chains) among side chains of between 70 and 100% of the ratio in the whole cell wall, a second experiment had side chain ratios of only 30 to 35% of the whole cell wall ratio. Third, the total proportion of new chain 14C that was precipitated by concanavalin A after lysozyme digestion was more than one-third of the "4C in the original undigested sample of walls. This was a higher proportion of precipitable '4C than that recovered after amidase digestion of the same sample of walls, which was shown to have removed nearly all of the side chains but which left intact the whole glycan chain attached to teichoic acid. The average chain length of a single glycan has been shown to be 40 disaccharide units or more for several bacilli (25) . We therefore believe that the total proportion of "4C-labeled peptidoglycan still linked to the glycopeptide, precipitated by conA after lysozyme digestion, was high enough to have included much more than a single side chain. Thus the ratio of old to new glycan of 35% or more of the whole cell wall ratio would not be surprising and need not imply complete randomization of new and old glycan chains. A further difficulty would arise, were such an intimate mingling of chains to exist, in explaining the specific failure of new chains to undergo turnover for as long as one and one-half generations after synthesis.
The failure of the cell wall of B. megaterium labeled with e-[6-3H]diaminopimelic acid to segregate into zones of labeled and unlabeled wall during two generations of growth after a chase (18) is also consistent with the model for "spreading" proposed here (Fig. 7) . Indeed, the conclusion that this result argues for a pattern of diffuse intercalation of new chains must remain unproven and, correspondingly, a zonal pattern of insertion cannot be ruled out. I believe that neither the present study nor most of those employing autoradiography of labeled cell walls have been able to resolve the question of the pattern of insertion of new chains.
In contradiction to the idea of a rigid, continuously cross-linked "bag-shaped" macromole- cule (26) , the model of cell wall growth in B. subtilis being proposed (Fig. 7) implies the property of considerable fluidity within the cell wall, sufficient to demand the existence of planes or regions of the wall which are not covalently cross-linked. The means by which this arrangement is achieved is unknown. Two possibilities are that the mucopeptide chains are synthesized in discrete bundles or sheets with no cross-linking between them or that selective autolytic enzyme action upon a wall layer synthesized as one continuous covalently linked structure permits shearing to occur between adjacent planes thus created. In connection with the second possibility, there is very little sign of L-alanine amidase action in vivo, as indicated by the scarcity of N-terminal alanine residues in sodium lauryl sulfate-inactivated cell walls (28). The average glycan chain length is more than 40 disaccharide units (25) and, in view of the relatively high degree of peptide cross-linking (21) which exists, one can speculate that for such spreading to occur it may be unavoidable that cross-linking between glycan chains is arranged so that the glycan chains are organized in discrete sheets or bundles, with planes of relatively few or no peptide cross-links. It would be along such planes that shearing within the wall layer could occur under the pressure of the growing cell. 
